The invariant chain (Ii) is the critical third chain required for the MHC class II heterodimer to be properly guided through the cell, loaded with peptide, and expressed on the surface of antigen presenting cells. Here, we report the isolation of the nurse shark Ii gene, and the comparative analysis of Ii splice variants, expression, genomic organization, predicted structure, and function throughout vertebrate evolution. Alternative splicing to yield Ii with and without the putative protease-protective, thyroglobulin-like domain is as ancient as the MHC-based adaptive immune system, as our analyses in shark and lizard further show conservation of this mechanism in all vertebrate classes except bony fish. Remarkable coordinate expression of Ii and class II was found in shark tissues. Conserved Ii residues and cathepsin L orthologs suggest their long co-evolution in the antigen presentation pathway, and genomic analyses suggest 450 million years of conserved Ii exon/intron structure. Other than an extended linker preceding the thyroglobulin-like domain in cartilaginous fish, the Ii gene and protein are predicted to have largely similar physiology from shark to man. Duplicated Ii genes found only in teleosts appear to have become sub-functionalized, as one form is predicted to play the same role as that mediated by Ii mRNA alternative splicing in all other vertebrate classes. No Ii homologs or potential ancestors of any of the functional Ii domains were found in the jawless fish or lower chordates.
Introduction
The hallmark molecular components of the adaptive immune response have been found in the oldest group of living jawed vertebrates, the cartilaginous fish. Multiple IgH (Flajnik, 2002) , IgL (Criscitiello and Flajnik, 2007) , and TCR Rast et al., 1997) are diversified by RAG (Bernstein et al., 1994) and AID (Conticello et al., 2005) in sharks and rays. Furthermore, these animals are in the oldest extant group of vertebrates having a polymorphic, polygenic major histocompatibility complex (MHC) (Kasahara et al., 1992) .
MHC class II glycoproteins present peptides to CD4 + T cells.
Newly synthesized class II a and b chains assemble in the endoplasmic reticulum (ER) together with a Type II glycoprotein called the invariant chain (Ii) (Jones et al., 1979) . Ii is a chaperone ensuring the correct folding and trafficking of MHC class II proteins (Bikoff et al., 1993) . Ii first trimerizes before the sequential addition of three class II a/b dimers (Lamb and Cresswell, 1992) . In this ninechain complex, each Ii blocks the peptide binding groove of one of the three class II heterodimers with a peptide called CLIP (class II-associated invariant chain peptide) (Freisewinkel et al., 1993) , which prevents loading of class II with ER-derived proteins and peptides and provides the groove occupancy required for the stability of class II heterodimers (Zhong et al., 1996) . In the trans-Golgi the abIi complex is diverted from the secretory pathway to the endocytic pathway via a conserved motif in the Ii cytoplasmic tail. The complex is transported to an acidified post-Golgi vesicle where first the membrane distal portion of Ii is proteolytically degraded to leave the LIP (leupeptin-induced peptide), which still blocks the peptide binding cleft and retains the Ii transmembrane and cytoplasmic segments that continue to target the complex to the endosomal MHC class II compartment (MIIC) (Blum and Cresswell, 1988) . The low pH of MIIC activates proteases to further cleave the membrane-proximal portion of Ii, leaving only CLIP in the peptide binding cleft. Blockade of this progressive cleavage of the Ii results in accumulation of Ii intermediates and reduced class II surface expression (Neefjes and Ploegh, 1992 II and release LIP or CLIP, facilitating the exchange for endosomal peptides before transport to the cell surface (Schafer et al., 1996) . Maturation of phagosomes containing non-self cargo (versus apoptotic self-cargo) may be enhanced by toll-like receptor-mediated vesicular signaling, marking those phagosomes with pathogenic contents for fusion into the MIIC compartment (Blander and Medzhitov, 2006) . The enzymes that cleave Ii are related to papain and known as cathepsins, which are the same proteases that degrade lysosomal contents for antigen loading (Riese and Chapman, 2000) . The activation of cathepsins requires an acidic environment, and they can be divided into four categories depending on the critical component of their active sites: cysteine, aspartate, serine, or metal ions (Turk et al., 2001) . Cysteine cathepsins are primarily involved in antigen processing, specifically cathepsins L and S are dedicated to this function. Cathepsin activity is regulated by several protein inhibitors, including cystatins, thyropins and even one domain of Ii itself. The thyroglobulin-like (Tg) domain of longer Ii isoforms is a strong inhibitor of cathepsin L but not cathepsin S (Bevec et al., 1996) .
The mammalian Ii gene has an exon organization that largely corresponds to its structural protein domains. The first exon encodes the amino-terminal cytoplasmic tail including the endosomal targeting motifs, the second exon encodes the transmembrane domain, and the third exon encodes a linker between the membrane and the trimerization domain that includes CLIP. The fourth, fifth and sixth exons contribute to the three alpha helices and connecting strands of the trimerization domain. The seventh exon, alternatively spliced out in short isoforms, encodes the Tg domain that presumably inhibits cathepsin proteolytic action. The eighth exon nearly encodes the entire carboxy-terminal end, which is often rich in charged residues but has unclear function. The ninth protein-coding exon encodes the final amino acid or two and contains the stop codon.
Unlike MHC genes, Ii genes do not display high allelic polymorphism, but four variants of the protein are found in human as p33, p35, p41 and p43 (O'Sullivan et al., 1987) . Use of an alternative start codon accounts for the small molecular weight differences between the (predominant) p33 and p41, and p35 and p43 forms. The p35 and p43 forms contain an ER-retention motif lacking in the shorter forms from the alternative initiation site; this signal is concealed upon ab binding and allows transport of the nonamer to the Golgi (Schutze et al., 1994) . The 10 kDa distinction between the p33/p35 and p41/p43 forms results from the alternatively spliced Tg domain exon, mentioned above. The Tg domain is a structural motif found in several functionally unrelated proteins (e.g., testican, equistatin, thyroglobulin) and sometimes functions as an inhibitor of cysteine proteases, often with higher target specificity than the better studied cystatins (Mihelic and Turk, 2007) .
Ii knockout mice show impeded class II transport and surface expression. Class II found on the surface of Ii-deficient cells has an unstable conformation due to the lack of endogenously processed peptide, but the dimers can bind peptide added to the medium. Accordingly, cells from these mice do not present whole exogenous antigen well and the animals have greatly reduced numbers of thymic and peripheral CD4 + T cells (Bikoff et al., 1993; Viville et al., 1993) . These transgenic mice studies suggest that Ii prevents class II from binding floppy, incompletely folded proteins in the ER (rather than preventing the binding of peptides transported into the ER by TAP) and stabilize the heterodimer. Ii knockout mice with restoration of either p31 or p41 (containing the Tg domain) have shown that both forms participate in class II folding and assembly, can reconstitute the CD4 + T cell population, and rescue immune responses to protein antigen (Shachar et al., 1995; Takaesu et al., 1995) . The complete functions of each isoform are not known; however p41 has been shown to be necessary for airway hyperresponsiveness and IgE responses in the lung (Ye et al., 2003) .
Although crucial to class II antigen presentation, Ii and cathepsins are encoded outside of the MHC (Long et al., 1983) . However, cathepsins S and L are found in MHC paralogous regions (Flajnik and Kasahara, 2010) , one of many linkages that contribute to hypotheses of an ancestral ''pre-adaptive immune complex'' encoding antigen receptors, NK receptors and antigen processing and presentation components (Ohta et al., 2011) . Ii and homologous genes have been identified in several divergent vertebrate model species, although such reports are few in comparison to class II a/b chains. Amongst poikilothermic vertebrates, annotated Ii sequences have been submitted to public databases from reptiles and amphibians and studies have been conducted on Ii from bony fish species. The cloning of the first Ii from lower vertebrates was done in zebrafish, and this work confirmed that, like in mammals, fish Ii-like transcripts exist in multiple forms (Yoder et al., 1999) . Work in rainbow trout also found two Ii products (Dijkstra et al., 2003) that are encoded by two paralogous genes (Fujiki et al., 2003) as opposed to alternative splicing. Structure of sea bass Ii was modeled more recently with analysis of potential interactions with class II and cathepsins (Silva et al., 2007) . Here, we report the first description of Ii from the cartilaginous fish, the oldest vertebrate group with MHC-based adaptive immunity. We set out to determine whether the gene and its expression were phylogenetically conserved, and attempted to find genes related to precursors of Ii and cathepsins in jawless vertebrates and lower deuterostomes.
Methods

Cloning of nurse shark Ii chain and cathepsins
A Ginglymostoma cirratum (nurse shark) spleen/pancreas cDNA library was constructed in the pDONR222 vector using the Gateway cloning system (Invitrogen). From this an $8000 clone expressed sequence tag (EST) database was created after removing known housekeeping, MHC, immunoglobulin and TCR clones by subtractive colony hybridization using 137 mm Magna membranes (Osmonics) for probing and high stringency washing techniques described previously (Criscitiello et al., 2004) . DNA was prepared with 96-Turbo plasmid miniprep kits (Qiagen) or TempliPhi rolling circle DNA amplification (GE Healthcare) and single dye-terminator based sequencing runs were performed at the University of Maryland Biopolymer Core Facility using the universal M13 reverse primer. ESTs were used as queries against the nonredundant protein sequence database with blastx (NCBI). Genespecific primers (Supplemental Table 1 ) were designed to complete sequencing of clones with high identity to Ii and cathepsins. Additional cDNA libraries from shark lymphoid tissues were assayed by 5 0 and 3 0 rapid amplification of cDNA ends (RACE) PCR with genespecific Ii primers to identify all expressed splice variants. These were cloned and sequenced as above or with Zyppy plasmid DNA miniprep kit (Zymo Research), extended with BigDye XTerminator (Applied Biosystems), purified and sequenced by the Texas A&M DNA Technologies Core Laboratory.
Blotting
Total RNA was prepared for northern blotting as described (Bartl et al., 1997) , and 10 lg was loaded in each lane. The nurse shark nucleotide diphosphate kinase (NDPK) probe used as a loading control was amplified with primers NDPKF and NDPKR (Kasahara et al., 1992 ) (Supplemental Table 1 ). A probe for nurse shark Ii was amplified from primers NSIiF1 and NSIiR1 which generate a probe from cDNA encoding the endosomal targeting sequence of the cytoplasmic tail to CLIP. Northern blotting and probing for nurse shark class IIA has been described previously (Kasahara et al., 1992; Ohta et al., 2004) . A putatively single exon probe amplified from primers NSIiF2 and NSIiF8 was used in genomic Southern blotting of DNA from shark erythrocytes as previously described (Criscitiello et al., 2006) . Blots were probed from five related sharks digested with five different enzymes as well as single enzyme blots of families (mother and pups) of analyzed MHC paternities by restriction fragment length polymorphism (RFLP) (Ohta et al., 2002) .
Database mining and structural prediction
Portions of the nurse shark Ii sequences described here were used to query the database of the elephant shark genome project (http://esharkgenome.imcb.a-star.edu.sg/) by blastn and tblastn. Two scaffolds were identified in this cartilaginous fish containing exons predicted to encode Ii by visual inspection for GT/AG intron boundaries and comparison of predicted protein sequence with other vertebrates.
CD74 (nomenclature for surface expressed Ii (Koch et al., 1991) ) is annotated on scaffold 29 of the Anolis carolinus genome (AnoCar1.0) but only two exons are marked. Identification of the entire Ii locus in this reptile was accomplished by first finding anole ESTs (e.g., FG760756 and FG750983) with homology to caiman and other vertebrate Ii sequences, these were used to identify the remaining exons with the exception of the first. The first exon was predicted based on visual scrutiny of ten kilobases 5 0 of the second exon.
Annotated and partially annotated genomic sequences of Ii loci of human, chicken and the frog Xenopus tropicalis as well as ICLP-1 and ICLP-2 loci of zebrafish genomic sequences were checked against available cDNA data to tabulate and compare exon/intron sizes and phases. These loci were studied using genome browsers at NCBI, Ensemble and UCSC websites where open reading frames 5 0 and 3 0 to the Ii ortholog were analyzed for conserved synteny of the region amongst vertebrates.
Similar BLAST approaches were used to identify additional lower vertebrate Ii and cartilaginous fish cathepsin EST sequences using nurse shark and other vertebrate sequences as query (Supplemental Table 2 ) and to search for orthologs of Ii in lower chordates.
Phylogenetic analysis
Amino acid alignments of Ii homologs were initially made in Bioedit with ClustalW employing gap opening penalties of 10 and gap extension penalties of 0.1 for pairwise alignments then 0.2 for multiple alignments and the protein-weighting matrix of Gonnett or Blossum ( Fig. 2 and Supplementary Fig. 1 ) (Hall, 1999; Tamura et al., 2007) . These alignments were then heavily modified by hand. MEGA was used to infer the phylogenetic relationships of Ii homologs. Evolutionary distances were computed using the Dayhoff matrix (Schwarz and Dayhoff, 1979) and 387 column positions in the 37 selected sequences. A Neighbor-Joining tree was made from 1000 bootstrap replicates, using pairwise deletion.
Results
Isolation and identification of nurse shark Ii chain
Generation of a nurse shark EST database from spleen and pancreas yielded an Ii clone (clone 104D3, comprising 1802 bp, Fig. 1 ) that showed high identity to many Ii sequences of bony fish and tetrapods (highest protein match to the pike Esox lucius, expect 6eÀ19, 35% amino acid identity over 196 positions). This sequence was used to design primers (Supplemental Table 1 ) for 5 0 and 3 0 RACE PCR. Many clones were sequenced from several primer combinations amplified from peripheral blood and spleen to obtain all expressed genes, but only three other reproducible coding sequence variants were isolated, all exemplified by clone D2 (Fig. 1 ). D2 is a long splice variant of EST clone 104D3 with a 195 bp insertion and also contains two single nucleotide polymorphisms (SNP) and two small deletions (indel). The indel creating serine 35 (104D3 aa numbering) and the point mutation exchanging glutamic acid for glutamine at 211 both appear to be allelic polymorphisms, since each occur independently in both the long and short splice isoforms.
Mining of other Ii sequences from poikilothermic vertebrates
Isolation of the nurse shark Ii sequence prompted database searches for Ii in other species. We found ESTs of complete and partial Ii from dogfish shark (Squalus acanthus) and Pacific electric ray (Torpedo californica) and performed partial genomic analysis of Ii from the more primitive Holocephalin, the elephant shark (Callorhinchus milii). Other bony fish Ii ESTs were found, full genomic annotation was completed for the green anole lizard (Anolis carolina) and the Ii exon/intron structure was manually acquired for the two zebrafish ICLPs, X. tropicalis, chicken and human Ii genes. Accession numbers are shown in Supplemental Table 2 and all sequences analyzed are aligned in Supplemental Fig. 1. 
Sequence analysis of Ii from cartilaginous fish
The primary functional domains that have been described in Ii of higher vertebrates (transmembrane, trimerization, CLIP, Tg; all colored domains in Fig. 1 ) are present in Ii of both major radiations of elasmobranchs (modern sharks (Selachi) and skates and rays (Batoidea), Fig. 2) . Additionally, the elephant shark Ii confirms that at least the trimerization domain and Tg are present in the more primitive holocephalians. Protein identity to the complete nurse shark long isoform (D2 adding N-terminal MSADEQQNALL) in pairwise alignments range from 33% with trout S25-7 Ii, to 29% with caiman to 26% with chicken and human. The long connecting linker domain between the trimerization domain and Tg seems to be a common feature in the cartilaginous fish lineage.
Cytoplasmic tail and transmembrane domain
As a Type II transmembrane protein, Ii has an amino terminal cytoplasmic tail. No evidence was found by 5 0 RACE for use of an alternative start codon in nurse shark or in the databases for any other ectothermic vertebrate. Database searches only found clear evidence from the rhesus macaque (XM_001099491) and a new world marmoset (XR_087115) of alternative start codon use similar to human, and the giant panda Ii has a putative 15aa alternative amino terminal peptide similar in sequence to the primate sequences. The Arg-Arg-Ser-Arg ER localization signal in this longer alternative initiation product of human Ii is how such signals were discovered (Bakke and Dobberstein, 1990; Schutze et al., 1994) , yet this signal cannot be detected in the cytoplasmic tails of other vertebrate Ii. Di-leucine like motifs have been identified in the mammalian Ii cytoplasmic region which serve as endosomal targeting motifs (Pieters et al., 1993) and mediate Ii interaction with the clathrin adaptor proteins AP1 and AP2 (Kongsvik et al., 2002) . One such candidate sequence is seen in the nurse shark Ii at position 21-22 (Fig. 2) . Acidic residues preceding the di-leucine are conserved in the shark motif and have proven necessary for sorting to large endosomes (Pond et al., 1995) . The EST included in Fig. 2 for Ii of the electric ray has the longest cytoplasmic domain of any Ii studied that does not use an alternative start methionine. The transmembrane region of Ii is much more conserved among vertebrates than any other part of the molecule, typically rich in hydrophobic residues. The transmembrane region of cartilaginous fish Ii maintains two of three polar residues that in human form a hydrophilic patch important for trimerization (Ashman and Miller, 1999) . The nurse shark sequence has QvAS at positions 75-78 where the human employs QaTT.
CLIP (class II associated peptide)
CLIP has been shown in mammals to be crucial for class II folding, transport, and peptide groove occupancy (Romagnoli and Germain, 1994) , yet has proven difficult to compare amongst vertebrates as evidenced by very different published alignments that include sequences from bony fish (Dijkstra et al., 2003; Fujiki et al., 2003; Silva et al., 2007) . Indeed, assigning different gap penalties and inclusion or exclusion of different sequences can drastically change alignments of this region performed by programs such as Clustal and Muscle. Silva et al. noted striking conservation of large and small CLIP side chains in a teleost Ii that bind in conserved pockets of human MHC (Ghosh et al., 1995) , although this required inserting a three amino acid gap in the mammalian CLIP core region that occupies the MHC class II groove (Silva et al., 2007) . When cartilaginous fish, amphibian and reptile sequences are included in the alignment such conservation patterns are not as evident. The regions between the transmembrane domain and CLIP, and CLIP and the carboxy-proximal trimerization domain, show similarly poor conservation between shark and other vertebrate groups. Similarly, the cytoplasmic region showed some divergence between the bony fish and other vertebrate sequences, CLIP and the region linking the CLIP with the trimerization domain show significant differences in teleost Ii in comparison to other vertebrates.
Trimerization domain and linker region
Carboxy-proximal to CLIP is a trimerization domain containing three conserved alpha helices (underlined in Fig. 2 ). Many residues in these helices of human Ii that are important for nonamer formation are evolutionarily conserved (Jasanoff et al., 1998) . Four leucines (165 and 166 of helix a, 195 and 198 of helix b) are well conserved, and several other residues (Trp210, Phe213, Glu214, Trp216, Trp220, and Phe223) are nearly invariant. Amino acids making the crucial bonds required for packing of the third (c) alpha helix in the Ii trimer (Bijlmakers et al., 1994) are conserved, and three residues (Phe208, Trp211, Trp215) are invariant over evolutionary time (see also Supplemental Fig. 1 ). In cartilaginous fish Ii, one (elephant shark and electric ray) or two (nurse and dogfish shark) putative N-linked glycosylation sites are found in or flanking alpha helix A, as has been seen in other vertebrates.
Tg domain and carboxy terminus
The longer isoform (D2) of nurse shark Ii includes a Tg domain. This isoform has been shown in mammals to be generated by insertion of a 195bp exon (Strubin et al., 1986) . Tg domains display inhibitory activity against cysteine-or cation-dependent proteases and are called thyropins (Lenarcic and Bevec, 1998) . The Tg domain of Ii from shark also is a likely thyropin. This cysteine-rich domain in mammals interacts with the active site of some cathepsins in an inhibitory fashion, and can discriminate cathepsins L from S . All six cysteines that in human Ii form three disulfide bonds that stabilize the tertiary structure of the domain are conserved in shark Ii, suggesting that the shark Ii Tg domain assumes a two sub-domain structure seen in human Ii. Indeed, these six cysteines (and a tryptophan between the fourth and fifth cysteine) are found in all vertebrate Ii having a Tg domain ( Fig. 2 and Supplemental Fig. 1 ).
Like in most vertebrates, some short teleost Ii clones were found. These Tg-less fish Ii were first identified from the trout (INVX) but this Ii homolog was encoded by a gene distinct from the Tg-containing trout Ii chains, rather than the products of alternative splicing (Fujiki et al., 2003) . Sequences with a predicted domain structure like INVX have also been submitted from Atlantic salmon (Leong et al., 2010) . This may be due to the teleost-specific genome duplication, generating two Ii loci.
The Ii carboxy terminal portion adjacent to the Tg domain is much shorter in nurse shark than other vertebrates, except the cyprinid ICLP-1's in which it is also short. Little is known about this portion of Ii but it could be involved in CD74 signaling of macrophage inhibitory factor with CD44 (Shi et al., 2006) . This region is rich in charged residues in bony vertebrates, and teleost Ii (except the ICLP-1's) have a distinctive stretch of aliphatic and other hydrophobic residues preceding the region of glutamic and aspartic acids, lysines and arginines ( Fig. 2 and Supplemental  Fig. 1 ).
Comparative domain structure
Measurement of predicted domains and intervening protein linker sequence showed general conservation between Ii of different classes of jawed vertebrates (Fig. 3) . The most conspicuous deviation is shared by Ii from cartilaginous fish and ICLP-1 of bony fish, where an extended linker between the trimerization domain (or A alpha helix of trimerization domain in the case of ICLP-1) and Tg domain is coincident with a shorter carboxy terminal tail than is found in tetrapod and other bony fish Ii forms. As the ICLP-1 and nurse shark linkers are dissimilar to each other (and anything else in the databases) it is doubtful that there is rescue in this region of any function missing in their short carboxy terminus.
As stated above, some teleost Ii forms only appear without certain domains. Splice forms are never found of either zebrafish ICLP or trout 14-1 with a complete trimerization domain and trout and salmon INVX does not contain the Tg domain (Dijkstra et al., 2003; Fujiki et al., 2003; Yoder et al., 1999) .
Genomic organization of the Ii locus in vertebrates
We compared protein coding exon/intron lengths and splice sites where available from shark to man (Fig. 4 , annotation of green anole lizard and elephant shark shown in Supplemental Figs. 2 and 3, respectively). Similar intron positions and phases were found in frog, lizard, chicken and man (Fig. 2) . Although intron sizes were much longer in X. tropicalis and much shorter in chicken (typical for chickens), the relative size of these introns to those of other higher mammals is consistent with expansions and contractions of these loci. A separate small exon for the stop codon was not found in the anole lizard as it was in other tetrapods.
The two zebrafish ICLP loci analyzed showed that ICLP-1 on chromosome 14 was twice as long as ICLP-2 on chromosome 12, including an additional exon for the linker between the partial trimerization domain and Tg. As might be expected considering the sequence divergence, the partial trimerization domains of the ICLPs and subsequent linker showed the most diversity in exon/intron organization. This region in shark contains a phase two intron not consistent with other vertebrates, and the ICLPs contained a phase zero intron the position of which could not be aligned with precision to the introns of other vertebrate Ii. The three domains encoding the elephant shark's trimerization domain were found together on one scaffold, and the Tg domain was found on another.
Southern blotting with genomic DNA of a family of nurse sharks usually resulted in two bands hybridizing to an Ii transmembrane-CLIP probe (Supplemental Fig. 4 ) consistent with a single Ii locus in shark, rather than multiple loci as in bony fish. RFLP were compared with known patterns for MHC (Ohta et al., 2002) and shark Ii was not MHC-linked (data not shown).
Tissue expression
Northern blotting on RNA from many nurse shark tissues demonstrated coordinate regulation of Ii transcripts with those of MHC class II (Fig. 5) . Expression was highest in gill, spleen and spiral valve (shark intestine), with lower but obvious expression also in peripheral blood leukocytes, thymus and brain. Consistent with what is known in mammals, such synchronized expression of these two genes suggests shared transcriptional regulation early in vertebrate adaptive immunity. In mammals both genes' promoters (and that of HLA-DM) depend on the class II transactivator (CIITA) to coordinate upregulation of transcription in response to interferon c ((Brown et al., 1993) , reviewed in (Ting and Trowsdale, 2002) ). CIITA has yet to be unambiguously identified below bony fish but it appears likely that it or an analogous system regulates their expression in shark. We did identify a candidate CIITA partially encoded on an elephant shark scaffold (AAVX01120910.1) which shares 42% identity and 66% similarity (e = 4eÀ49) with CIITA of zebra finch (Fig. 6) .
Multiple 5 0 and 3 0 RACE experiments yielded Ii cDNA clones yielding transcripts of 1.8B (D2) and 2.3B (104D3) (Fig. 1) based on alternative polyadenylation sites in the 3 0 untranslated region differing by 497B (assuming 200B poly-A tails (Wahle and Keller, 1992) ). Each of these has an alternative splice isoform possible without the 195b exon encoding the Tg domain. The northern blotting confirmed predominant bands migrating near the 1.6-1.8 KB and 2.1-2.3 KB sequence lengths of each form with and without the Tg domain exon, but the slightly larger transcripts were higher than predicted possibly do to longer poly-A tails or longer 5 0 untranslated regions. There was also a larger 4.8KB band that we could not identify from cDNA. This large transcript displayed parallel tissue expression levels as the lower bands. Therefore there is likely an additional polyadenylation variant or exon splice isoform that has yet to be identified. We can exclude the possibility of a second Ii locus that eluded the Southern probing as it would have hybridized to the same probe on the northern blot (Supplemental Fig. 4) .
Cathepsin degradation and evolution of Ii regulation
Since the Tg-like domain is a putative component of Ii of all jawed vertebrate groups back to shark, we searched for possible interactions with cathepsins. Several cathepsin ESTs were found from nurse shark, two of which were more similar to the ancient L cathepsin lineage, implicated in Ii proteolysis, than to the primeval B lineage that are not (Fig. 7, Supplemental Fig. 5 ) (Uinuk-Ool et al., 2003) . Additional putative cathepsin L/S EST sequences were mined from the little skate (Leucoraja erinacea). Based on the crystal structure of the mammalian Ii Tg domain with cathepsin L we modeled similar interactions between the Ii and cathepsin orthologs from cartilaginous fish .
As described above, the Tg-like domain of mammalian Ii forms a wedge-shaped conformation of three loops stabilized by three disulfide bonds between conserved cysteines . The inhibited papain-like cysteine proteases including cathepsin L share a common fold of two domains, which separate on the top in a ''V'' shaped active site cleft (Coulombe et al., 1996) . Several interactions identified in the solved mammalian cathepsin L-Tg domain structure could be maintained by residues found in the Tg domains and putative cathepsin L in cartilaginous fish.
Ii evolution
Besides the structural data described above, two additional lines of evidence from phylogenetic and syntenic analyses suggested that the canonical functions of Ii arose at the origins of RAG/AID/MHC-based adaptive immunity.
Phylogenetic analysis
We performed many phylogenetic analyses with different alignments, excluding various domains, and with several matrix-and tree-building algorithms. The tree with the most support at significant nodes includes the entire longest form (Tg domain encoding exon spliced in) of the proteins (Fig. 8) . Ii from chondrichthyes clustered basal to Ii and Ii paralogs from bony vertebrates. The incomplete sequence from the dogfish shark behaved erratically with different tree building methods, whereas the incomplete elephant shark repeatedly fell basal to all the other vertebrate Ii, as expected for the primitive Holocephalian. As suggested by sequence analysis, domain structure, and intron splice sites; cardinal Ii emerged in the cartilaginous fish.
On the other hand, teleost sequences fell into two well supported clades: those ICLP-like sequences lacking the trimerization domains and those more typical of other vertebrate Ii. A duplication leading to the ICLP genes likely occurred in the ancestors of protacanthopterygii (including samonids) and ostariophysi (including catfish and cyprinids). The INVX duplication generating Tg-less bony fish Ii may have occurred more recently in the salmonid lineage, as they have thus far only been found in trout and salmon.
Genomic syntenies
We used available genome projects to study the Ii locus. The amniota include the (paraphyletic) reptiles, birds and mammals, showed conservation of syntenic genes up-and downstream of the Ii locus (Supplemental Fig. 6 ). However, we identified only one neighboring gene (Tcof1, encoding the treacle protein associated with Treacher Collins Syndrome) that was conserved between the amphibian Xenopus and the amniotes. The gene distal to Ii on the other side of Tcof1 in frog was csf1r (colony stimulating factor receptor), that linked to the flanking regions of zebrafish ICLPs. The additional genome-wide duplication in bony fish likely allowed for much divergence, but clear conservation of synteny was found among frog, lizard, bird, mammals, and one of the bony fish forms. Surprisingly, the cod has lost Ii as well as class II and functional CD4 (Star et al., 2011) .
Discussion
In characterizing the expressed Ii gene in nurse shark and other cartilaginous fish we found general conservation of sequence, splice variants, expression, genomic organization, predicted structure, and function with Ii from tetrapods. Evidence was also found of an ancient relationship between the specialized cathepsin L and the Ii as well as the regulation of the former's action by the Ii's own Tg domain. Lockstep expression of Ii and class II was observed and a putative CIITA was identified from cartilaginous fish. Genomic syntenies, exon-intron structure and Southern blotting suggest that one Ii locus emerged early in the Ig/TCR/MHC based adaptive immune system of jawed vertebrates and was maintained in all major groups. Additional genome wide duplication(s) afforded bony fish multiple Ii loci encoding different domain structures, presumably with distinct functions, one of which is found in Ii splice forms of all other vertebrates.
Class II groove occupancy by CLIP is a hallmark property of the invariant chain, yet we found little strict conservation of this sequence between vertebrate classes. However methionine residues were common in shark as other vertebrate CLIP regions. Two human Ii CLIP methionine residues (in position127 and 138 of Fig. 2) are the most important occupiers of conserved class II pockets (Ghosh et al., 1995) , and meta comparative analyses may reveal a broader ''super-motif'' among vertebrate class II of deep pockets that recognize these CLIP methionine residues (Malcherek et al., 1995) . Other residues such as alanine, arginine, proline and serine also are common in CLIP. We suspect that the high positive selection exerted on the class II peptide binding groove over the half-billion years of Ii evolution has forced CLIP to change accordingly. Additionally, temperature may pose very different requirements on the CLIP-class II interaction in endothermic birds and mammals versus poikilothermic vertebrates. CLIP and the region linking CLIP with the trimerization domain are where the teleost Ii homologs show significant differences from other vertebrate Ii, suggestive of distinct physiology.
All current data suggest that the trimerization domain is a fixed component of all Ii from all groups except teleost fish, as in the cyprinid ICLPs and trout 14-1 sequence. In some of these fish sequences an extended region is substituted for the trimerization domain, most evident as positions 222-253 of zebrafish ICLP-1 . Nurse shark Val255 and orthologous residues are highlighted in orange as this position was usually maintained as an aliphatic, hydrophobic residue. Underlined amino acids make key contacts between Ii Tg-like domain and cathepsin L in human. Structure interactions adapted from Guncar and Turk . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) (Fig. 2) . It is noteworthy that nurse shark and electric ray Ii have extended regions following their trimerization domains. Although the teleost sequence replacing the trimerization domain in ICLP-1 may be similar to prokaryotic catalase (Dijkstra et al., 2003) , it is possible this was due to untrimmed vector deposited in the databases. These unique portions of the bony fish sequences and the extended region after the trimerization domain of cartilaginous fish are similar neither to each other nor any to any other protein.
Interestingly, cathepsin S, the cathepsin free of Tg domain inhibition, could not be identified from cartilaginous fish, suggesting that it may have evolved after the emergence of the class II pathway. Cathepsin S is pH independent and is upregulated by interferon c (Chapman, 1998) , characteristics of a highly specialized adaptive cathepsin. In mammals the regulation afforded by cathepsin S and L (or S, L and V (Sevenich et al., 2010) ) may be used for modulation of T cell selection in the thymus (Lombardi et al., 2005) , as cathepsin L is necessary for optimal positive selection by cortical thymic epithelial cells (Nakagawa et al., 1998) . Perhaps this was coincident with the neofunctionalization of cathepsin K in osteoclasts. Other components of the class II pathway arose after the emergence of adaptive immunity, DM in amphibians and DO in mammals.
At least twice in teleost Ii evolution new Ii loci emerged that have been specialized by loss of exons: trout and salmon INVX have no Tg domain (like alternative splicing in other vertebrates) and the ICLPs (including trout 14-1 and a catfish cDNA) have no trimerization domain. Loss of the trimerization domain in the ICLPs would be expected to alter the class II processing pathway significantly. Trimerization is necessary for release of the Ii/class II complex from the ER and protection from rapid degradation, yet the Ii TM domain is capable of trimerizing as well (Dixon et al., 2006) . The self-affinity of Ii in the membrane is attributed to a glutamine and two threonine residues, of which the glutamine is well conserved from shark to man (Fig. 2) . The teleost ICLPs that lack the trimerization domain do have one of the less conserved threonines as well as the glutamine. Future work must address how MHCII/Ii trimers (instead of nonamers) articulate with calnexin and are transported to the MIIC. Interestingly, some bony fish appear to Table 2 . Bootstrap values at nodes inferred from 1000 replicates. Evolutionary distance is shown with the scale bar in the units of amino acid substitutions per site. Boxes to the center-right highlight different vertebrate phylogenetic clusters of Ii and far right mark loss of Tg and trimerization domains in some teleost Ii forms, compared to the complete Ii. make multiple Ii forms with diverse domain configurations (trout having full length S25-7, INVX lacking the Tg and 14-1 lacking the trimerization), while other (perhaps most) fish seem restricted to just one or two variants. The two genes in one fish species are often very similar, apparently without subfunctionalization. But maintenance of two ICLP forms in the cyprinids suggests the possibility of distinct physiology for ICLP-1 and ICLP2.
A wealth of circumstantial evidence suggests the Tg domain is resistant to proteolysis which shifts the control to the regulation of cathepsin S which is exempt from the Tg domain's inhibition. But certainly the smaller forms must be favored in some circumstances? Evidence for this is not easy to find in the literature, but Ii p31 (without Tg) predominates in B cells and the longer form enhances antigen processing in macrophages and dendritic cells (Ye et al., 2003) . At a gross tissue level, nurse shark certainly seems to express the two isoforms defined here at similar levels (Fig. 5) as neither the middle nor the lower ''bands'' representing differential polyadenylation sites is tight, signifying that both contain the isoforms with and without the Tg domain.
This Tg domain near the carboxy-terminus of Ii (Katunuma et al., 1994 ) is a member of the cystatin superfamily (Brown and Dziegielewska, 1997 ) and this suggests that Ii could have evolved from a stefin or cystatin for chaperone function. As CLIP became more specialized for the class II peptide binding groove, the Tg domain could have coevolved with a specialized cathepsin. Work in Ii/H2-M À/À mice with restoration of p43 suggested that, like DM, the Ii Tg domain may augment peptide-CLIP exchange (Bikoff et al., 1998) , which might be the ancestral method of facilitating peptide/CLIP exchange prior to the emergence of DM in amphibians.
Several search strategies failed to identify an Ii ortholog in jawless chordates (Supplemental Table 3 ). To obtain the remnant genes containing functional domains in Ii, the Tg and trimerization domains of nurse shark and electric ray, as well as the 'transmembrane to CLIP' and carboxy terminus from nurse shark were used as bait in BLAST searches against lamprey genomic scaffolds, lamprey ESTs, hagfish ESTs and genomic scaffolds from the urochordate Ciona intestinalis and cephalochordate Branchiostoma floridae. That no likely candidates were revealed may indicate great sequence divergence between the gnathostome Ii and the fragmented loci that were assembled for the genesis of Ii; such ancestral loci would likely have encoded genes with quite different functions before the emergence of the class II antigen presentation system. However, syntenic clusters of genes may be maintained in cartilaginous fish and even jawless vertebrates to the cystatin family member or other gene(s) that later gave rise to the Ii. We used these identified syntenic genes (Arsi, Tcof1, Rps14, Ndst1, Synpo and Csf1r) from more recent vertebrate groups to search Version 3.0 of the lamprey (Petromyzon marinus) genome project supercontigs. Despite finding good candidates for human Tcof1 (lamprey contig 40760), mouse Arsi (lamprey contig 7255), zebrafish Csf1r (amphioxus unassigned chromosomal scaffold 617826) and human RPS14 (lamprey contig 47654, and many lesser candidates for these and other syntenics in lamprey) we were unable to identify a neighboring gene on these short contigs that bore domains or characteristics likely to be co-opted into the Ii (trimerization, Tg-like, Type II transmembrane with di-leucine motifs). We do not think this effort will remain futile; completion of the lamprey genome as well as those of other vertebrate genomes may yet yield an Ii antecedent. The location of the CD74 gene in humans (5q11-23) is intriguing, while not on an MHC paralogon it is near a region that seems to have broken off from the MHC paralogous region on chromosome 9 (Lundin et al., 2003) .
In considering the evolution of the class II system, we should note that many functions have been described for Ii. As mentioned, macrophage migration inhibitory factor (MIF) binds the extracellular portion of Ii and then signals by the complex associating with CD44 (Leng et al., 2003) . Both mouse Ii isoforms in the lung can mediate allergen-induced lung inflammation and eosinophilia, but the p41 is necessary for IgE response and airway hyper responsiveness (Ye et al., 2003) . The free cytoplasmic domain of Ii has been shown to induce B cell differentiation via NF-jB (Matza et al., 2002a,b) . These or other functions of Ii suggest an alternative physiology that may have preceded its more famed roles as chaperone and peptide cleft occupier, and may also expose the ancestral loci. Cathepsins are ancient and were clearly co-opted for class II antigen generation. Sea urchin cathepsins (L and B) are up-regulated in LPS activated coelomocytes (Nair et al., 2005) . Cathepsin S cleavage of the Ii cytoplasmic tail even can regulate the motility of dendritic cells via the tail's interactions with myosin II. There are many leads to follow in many model organisms.
Conclusion
Now that the third chain of MHC class II has been identified in sharks, focus can turn to how this antigen presentation system arose to play a major role in adaptive immunity. As comparative genetic data continues to grow, so should our ability test evolutionary hypotheses. Exciting advances in the jawless agnathans suggest their variable lymphocyte receptor (VLR) system uses VLR-B for free receptors in a humoral response and VLR-A (and perhaps VLR-C) in cellular responses (Pancer et al., 2005; Rogozin et al., 2007) . These T cell-like VLR-A bearing lymphocytes develop in a ''thymoid'' region of the lamprey pharynx (Bajoghli et al., 2011) . Apparently lacking MHC and Ii, are these T cell analogs of the jawless fish lacking a pathway of processing antigen from the endosomal pathway that only evolved in the jawed gnathostomes? A similar question can now be asked of the adaptive immune system of the Atlantic cod, whose genome lacks MHC class II, Ii and functional CD4 (Star et al., 2011) . Much remains to be learned of the adaptive immune system of this fish, but it is clear that this is a derived loss of the class II/Ii/CD4 arm of adaptive immunity in a subset of teleosts.
What genomic loci in animals with only innate or innate and a VLR based adaptive system (reviewed in (Saha et al., 2010) ) were exploited by the fledgling adaptive system that uses MHC restricted T cells and RAG mediated rearrangement of Ig superfamily genes? The peptide binding regions of MHC and the Ii had definitive ancestors, as did immunoglobulins and T cell receptors. Many cathepsin genes are encoded in MHC paralogous regions which are thought to have originated from two rounds of full genome duplication early in vertebrate evolution (Flajnik and Kasahara, 2010) . Several other recent studies point to earlier genomic concentrations of genes that are not linked in mammals, such as Ig-like variable domains in T cell receptors Parra et al., 2010) and B 2 -microglobulin in the MHC (Ohta et al., 2011) . With the tightly coordinated expression of class II and Ii and the finding of a partial CIITA locus in shark reported here, there are new reasons to investigate the origins of the antigen presenting cell. Large scale genomics and RNAi screens are beginning to elucidate how CIITA is regulated, casting spotlights on the RMND5B and MAPK1 (Paul et al., 2011) . Lower vertebrates may tell us if and how CIITA was pirated from an innate NLR (NOD, LRR receptor) locus early in the gnathostomes to serve as a master regulator in early antigen presenting cells to allow their presentation to, and activation of, helper T cells.
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